SR | N 70.11503
e | NASA (R 106833

/
CASE FILE
COPY

' *
Inner Shell Jonizations by Proton Impact

J. D. Garcia

Physics Department, Universiiy of Arizona, Tucson, Arizona 85721

A G IR-03-00c2701)

Abstract
Cross sections for production of inner shell

vecancies in atoms by protor impact have been examined
in an impulse approximaution. The model used includes
modifications to account for the nuclear repulsion of
the proton. Comparisons with experiment and with other
calculations are made. It is found that the model com-
pares lavorably with existing Born approximations., If
the most recent fluorescent yield data are used, the

present results agree well with experiment for proton

energies larger than ~ 300 times the electron binding
energies, Determination of fluorescent yields by means

of such experiments is also discussed.



I. INTRODUCTION
Inner shell ionizations by proton impact have received considerable
attention, both theoretical’® and experimental.®’* The purpose of this
note is primarily to indicate that the basic features of the process can

be quantitatively understood using a very simple model.

A brief description of the model is presented in Section II, and
comparisons with existing theory end with experiment are discussed in
Section ITI. Determination of fluorescent yields is discussed in Section
IV. The present resulis compare favorably at high energies with Born
approximation results, and with the corrected values introduced by Bang
and Hansteen® at lower energies. Corparison with experimental results

indicates good agreement at higher energies.

1T. IMPUISE OR BIMNARY ENCCURTER MODEL

We assuxme that the dominant interaction producing the inner shell
ionization is a direct energy exchange between the proton and the atomic
electron in question. Since the classical and quantum mechanical center-
of-mass differential cross sections for coulomb scattering are identical,
we can utilize a classical analysis of the transformation to the laboratory
frame, thus obtaining a differential cross section dJ/dAE for an exchange
of energy AE between two charged particles. We then integrate over all
energy exchanges from the binding energy of the electron to the total
enérgy of the proton, and average over the velocity distribution of the
bound electron. These considerations imply & strict conservation of
energy and momentum in the electron-proton interaction. An approximate

correction for the effect of the nuclear repulsion of the proton is also

included,
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A classical binary encounter approach including the motion of

the bound electron was first proposed by Gryzinski.s It has been applied

to total ionization by proton impact,s and reasonable agreement with ex-.

periment was obtained. For inner shell ionization, it is expected that

agreement with experiment should be much better since the requisite
energy exchange is quite large, making it less likely that other inter-
actions contribute significantly to the process.

The cross section for the (laboratory frame) exchange of an

—p
ener AE between the incident proton whese velocity is v end an
l’

electron vhose velocity is VQ s averaged over a spherically symmetric

distribution of directions for :;2 has been given by Gerjuoy" and is

easily integrated to give
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The cross section for removal of an eleciron whose binding energy is u
and whose speed is Vv, is given by Eq. (1) with an upper limit E, and a

lower limit u:
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Tne final classical expression for the cross section follows from this
upon averaging over the speed distribution of the bound electron, and

summing over all electrons in the subshell:

©
o = N j oi(vl,v2) f(va) dV2 (2)
o
where Ni is the number of equivalent electrons having binding energy u,
and f(vg) is the speed distribution of these electrons.
Classically, the speed distributions can be obtained from a
microcanonical ensemble, as is well known. Given that the electron is

in a state of total energy = - u, we ask for the probability that it have




a velocity (we consider a hydrogenic atom for simplicity)

f(vz)

This results in a

atomic states.®

are identical.
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cross section, with the guantal result.
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Approximale expressions have been oblained
effect of nuclear repulsion on the motion of the proton.

notion can be seen in Fig. 1.

6(H - E) a°r
% 2

mv,
6( e - ———-+ u) bmrZar

(3)

speed distribution, when normalized to one electron,

given by
v 2
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where Vo _EEl__ . This is identical with the quanium mechanical

result for hydrogenic states.

hzs been obitsin=d by class?

e

czl methods, the cross

section thus predicted is identical with that which would be obtained
using the impulse epproximation and product wave functions for the

This is true here because vie are considering only
electrons in a given subshell, so thatl the goulomb amplitudes for each
electron in the impulse approximation (and neglecting the Pauli principle)
The classical sum of the squares of the amplitudes then

coincides, because of the coincidence of the elastic center-of-mass

The relation to the Born

approximation has been discussed elsewhere.?

for including the
The essential

If the energy exchange between the proton



and electron takes place at the point P, the impact parameters for no -
nuclear charge would be p, but since the proton is repelled, the true
impact parameter is b. Further, the kinetic energy of the proton is
reduced because of its motion in the repulsive field. These two effects
are incorporated into the cross section by the expression10 (assuming

the repulsion to be due to a point charge 2' at the origin)
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where OI(El ) is the cross section (2) at an energy E)' =B - .

Expression (5) differs from the corresponding one in Ref. 10 (equation
preceding Eq. 12) only by the sign of the z' term, as appropriate for
positive particles incident. These corrections are expected to be very
small for protons, except at very low energies,.

ze®

We have used Eq. (5) with § = Ty =50 the "radius" of the

subshell whose binding energy is u) to approximate the effect of nuclear
repulsion. (& should in fact be determined from some expression analogous
to Eq. (6) of Ref. 10; however the correction due to this choice is
unimportant). We note that with this choice of §, and for o1 < nrA2 .

The expression (5) becomes

zl

- ’ _— c-~2

11 [ 2z T’

e | - - - —
o (B) o (B,") 5+5[1-& it Ji (6)
u
4
end E ' = E - =2~ uw . This rcaffirms that proton trajectories are

rather stiff: the meximum "bending" correction is a factor of L, and

in fact, the bracket term differs from unity by only a few percent at




energies which have been experimentally investigated. Most of the
correction comes from the change in kinetic energy of the proton, which
is importent only near threshold. Ve have taken advantage of the fact

that (at least for K-shells) z' = z for large z, and used z' = z only.

III. COMPARISONS
A. K-Shell Tonization
We have compared the results of the 2bove model, using the
hydrogenic distribution (4) in (2) and the correction from (5), to

experimentally determined K-shell ionization cross secticns for C, O,

Mg, and AL in Figs. 2 through 5. (For K-shells, N, = 2). Also shown are the

Born epproximation results, where available., In Fig. b the effect of
the corrections in (5) is displayed; the crosses show the uncorrected
value (2) and the solid line is that obtained from (5). The triangles
in Fig. U show also the values obtained by Bang and Hansteen ,2 who
approximate the effect of nuclear repulsion in the Born framework also.
In Fig. 2, two sets of experimental values are shown.’  The
so0lid circles indicate the data using wK = 0.007, as assumed in Ref, 3.
The open circles depict the same data, but using the fluorescence yield
value from Ref, 12, mK = 0.0009. The theoretical formula due to Wentzel
reported in ‘Ref. 12 (Eq. 26) yields a value W, = 0.001L5, intermediate
between the two values shown. For Mg and AL, the fluorescent yields
used in Ref. 3 are within the range of experimental values given in

Ref. 12 (which vary by nearly one order of magnitude) and are within &

few percent of the theoretical value.




It can be seen from Fig. L that the corrections due to nuclear
repulsions are small except at very low energies. In fact, from (5) we
can see that the corrections are negligible for El/u > 150, are only 10%
at El/u = 50, though they do decrease the cross section by a factor of 3
at Efu = 10. Not surprisingly, the impulse and Born approximations
compare very favorably at higher energies. The present results agree well

with the Bang and Hansteen model as shown in Fig. k.

B. I- and M-Shell JTonization
For L~ and M-shells, a speed distribution appropriate to these
electrons is to be used in (2). However, these cross sections are not
very sensitive to the velocity distributions used, at least for energies
near and above the peak in the cross section (E/u A ~ 2000). We have

used (4) for calculating the I___-shell (Ni = 4) and M~ and M -shell

11T

(Ni = L and 6, respectively) ionization cross sections shown in Figs. 6

and 7. Also showm in Fig. 5 is the Born approximation cross section

P

from Ref., 13. For the Cu L I-shell, the solid circles indicate the

I1
data as given in Ref. b, where @L = 0.05 was used. The open circles
are the same data, adjusted to the value wﬁl= 0.0056 as given in

Ref. 12. The Ho fluorescent yield wL used in Ref. 3 is about 109 lower
than that given in Ref. 12. Again, there is reasonable agreement with
the Born values,

The agreement with the Bang and Hansteen calculations can be
construed to mean that the effects of nuclear repulsion have been
reasonably approximated. It is thus expected that a full distorted

wave Born approximation would be in better agreement with the impulse




approximation and with experiment. However, it can be seen that these
corrections do not suffice for energies E/u < 100. At these energies,
the protcon speed is much less than the average orbital electron speeds,

and adizbatic energy changes become imporitant.

Iv. CONCLUSIONS

Though we have presented only a sample of comparisons, it seems
apparent that a binary encounter model accounts adeguately for the
process of inmer shell jonization by proton impact, at least for energies
El/u # 300. This is especially evideni when the most recent values for
fluorescent yield are used. As has been previously discussed.,6 the
present method has the advantage of a scaling law: given the cross
section for the removal of one electron whose binding energy is u, by a
proton of energy El’ the cross section for the removal of an electron

whose energy is u, is given by

% s 2\\
o(u,, E; ) = \i—z-/o(ua, E,) (6)

*
where El = (ub/ua) El. To facilitate further comparisons, Table I shows,

the cross section per K-shell electron for Mg K-shell ionization (u =

1305 eV). The values in Colum 1 are those using (4) in (2), and Column 2.

shovws the results using (5).

The evidence accumulated to date (primarily from outer shell
jonizations) indicates that both Born and impulse approximations provide
estimates of ionization cross sections which are reliable to within &

factor of about 2, for proton energies El/u Z 300. This statement is true




for outer shell ionizations; it is expected that an impulse approximation

should be more applicable to inner shell ionizations, where the energy
transfer is larger and is more likely to be the dominant process. At
lower energies, these approximations describe the process much less
adequately.

In the present case, the comparisons are somewhat hampered by
uncertainties in the fluorescent yields, required to convert the experi-
mental x-ray production cross sections inté ionization cross sections;
We can, however, utilize the above-mentioned reliability to establish
a rule for an approximate determination of the fluorescent yield. This

simply entails reversing the usual procedure and defining, for K-shell,

Q

for El/u Z 1000 (7N

g
o

where Oy is the x-ray production cross section and o_ is the impulse

I
approximation for the jionization cross section. The w's so determined
should be correct to within a factor of about 2.

On this basis (see Fig. 2), Eq. (7) predicts a value o = 0.0018

for carbon, which is only 25% different from the theoretical estimate

and a factor of 2 from the value quoted in Ref, 12, Similarly, the

values for Mg and AL would differ by only a few percent from the accepted

values, as would that for the Cu L-shell. While the Ho LIII-shell data

do not go high enough, the highest energy point yields a value mL = 0.29

30% higher than the velue used in Ref. 3.
For M shells, we can adapt the suggestion in Ref. 12 {their

Eq.(33), to define

10
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where oM’-L’ °M5 are the M IV and ¥ V subshell ionization cross sections,
respectively. This yields @ = 0.0028 Gd and W, = 0.0052 for Ho. These
are less certain because the exact nature of the observed x-rays is
unknown.

Both the uncertainties in the theory and in the experimental
values prevent this method from being a véry precise one at this time.
However, it can be used to distinguish between values which differ by
an order of magnitude as in the case of AL, The present results do
confirm that the theoretical formula for K-shell fluorescent yields
(Eq. (26) of Ref. 12) is quite reliable for low Z materisls. For more
accurate comparisons within this model it will be necessary to use
velocity distributions in (2) determined by atomic wevefunctions
better than the hydrogenic forms used here (e.g., Hartree-Fock).

Finally, it is apparent that measurements of proton x-ray production
cross sections for very low-Z materials (Be, B, C) at proton energies
sufficiently large to be well beyond the peak in fhe cross section (for
example, at El/u ~2 or 3x 104) would be very interesting., Such
measurements have been done for H and He and verify the binary nature
of the process for outer shell ionization {see Ref. 6). These measurements
would provide a good test of this model for inner shell processes, as well

as confirm the proposed fluorescent yield determination method.
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Table I. Mg K-shell ionization cross section per electron.
Energy UK/N:’L
(xev) Uncorrected Corrected
20 k.6 x 107 2° 2.3 x 10°%°
30 2.3 x 10 % 1.5 x 10 >*
Lo 6.5 x 107%* 5.0 x 100~
60 2.5 x 107 °° 2.1 x 1002
80 6.0 x 107> 5.4 x 107°°
100 1.2 x 1077 1.1 x 10722
200 8.6 x 107 °° 8.6 x 10722
Loo 4.3 x 1072 k.3 x 1077
6350 8.8 x 107%* 8.8 x 107+
800 1.3 x 10°%° 1.3x 1002
1000 1.6 x 107°° 1.6 x 1072
1500 2.3 x 10 2 2.3x 10 °
2000 2.6 x 10°%° 2.6 x 107
2800 (peak) 2.8 x 1077 2.8 x 107 °
3000 2.7 x 107 %° 2.7 x 107 °
1850 2.1 x 10°%° 2.1 x 102
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Figure Captions
Proton impact collision geometry.

Carbon K-shell ionization by proton impact. Solid circles,
experiment (Refs. 3, 10); open circles, corrected data; crossed

circles, Born approximation (Ref. 3). Solid line, present results.

Oxygen K-shell ionization by proton impact. Solid circles,
experiment (Ref. 4); open circles, corrected data, using

w = 4.55 x 10 ° from theory (Ref. 12); solid line, present results.

Magnesium K-shell ionization by proton impact. Open circles,
experiment (Ref. 3); crossed circles, Born approximation; solid
line, present results; crosses, present results uncorrected

for repulsion.

Aluminum K-shell jonizalion by proton impaci. Open circles,
experiment (Ref. 3); crossed circles, Born approximation (Ref. 3);
triangles, Bang and Hansteen model (Ref. 2); solid line, present

results. ’

L-shell ionization by proton impact. A. Holmium L III-subshell.
Circles, experiment (Ref. 3); solid line, present results.

B. Copper L III-subshell. Solid circles, experiment (Ref. 4);
open circles, corrected data; crossed circles, Born approximation

Ref, 12); solid line, present results,
] 3
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Fig. 7. M-shell ionization by proton impact. A. Holmium M-shell: apen
circles, experiment (Ref. 3); solid lines, present results.
B. Gadolinium M-shell: open circles, experiment; solid lines,

present results,
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